INTRODUCTION
============

Atrial fibrillation (AF) is the most common cardiac arrhythmia, accounting for one-third of the rhythm disturbances, and is associated with substantial morbidity and mortality \[[@b1-kjtcvs-47-367]\]. AF is related to systemic or pulmonary thromboembolism due to a slow and stagnant blood flow in the atria. The risk of stroke associated with AF is 5% to 8% per year, and AF is associated with a five- to seven-fold increase in the overall risk of stroke \[[@b1-kjtcvs-47-367]--[@b3-kjtcvs-47-367]\].

In recent years, the management of AF has rapidly evolved, with many available options to achieve either rate or rhythm control \[[@b4-kjtcvs-47-367],[@b5-kjtcvs-47-367]\]. The traditional goals of treatment were to control the ventricular response rate by using pharmacological agents and to prevent thromboembolic events. However, medical treatments have limited efficacy in maintaining the sinus rhythm and may exhibit serious adverse effects \[[@b6-kjtcvs-47-367]--[@b8-kjtcvs-47-367]\].

Since the Cox maze procedure was first introduced in 1987, it has been considered the gold standard for the surgical treatment of AF. After the late 1990s, by means of various energy sources, the procedure was modified into the Cox maze IV procedure, which is less invasive and uses various energy sources to shorten the procedure time \[[@b9-kjtcvs-47-367]\]. In our previous study, it was reported that the Cox maze IV procedure using N~2~O-based cryoablation and bipolar radiofrequency is safe and comparable to various other maze procedures \[[@b10-kjtcvs-47-367]\].

In our institution, we use an argon-based cryoprobe as well as an N~2~O-based cryoprobe. The advantage of argon-based cryoablation over N~2~O-based cryoablation is that the argon-based technique can reach a temperature of −140°C to −160°C compared with −60°C for N~2~O, allowing for a faster and more reliable ablation lesion \[[@b11-kjtcvs-47-367]\]. In this study, we compared the mid-term results of the Cox maze IV procedure using argon-based cryoablation with the same procedure using N~2~O-based cryoablation.

METHODS
=======

From May 2006 to June 2012, 138 consecutive patients (mean age, 58.2±11.0 years) underwent the Cox maze IV procedure at Seoul National University Hospital. Eighty-five patients underwent the maze procedure using an N~2~O-based cryoprobe (Frigitronics, cardiac cryosurgical system-200; Atricure Inc., Chester, OH, USA) (group N), and 53 patients underwent a maze procedure using an argon-based cryoprobe (ATS CryoMaze surgical ablation system, Medtronic Inc., Minneapolis, MN, USA) (group A). The operation was performed by a single surgeon (KH Kim).

All patients had valvular heart disease requiring open heart surgery. All operations were performed using an aorto-bicaval cannulation under moderate hypothermia and cold crystalloid cardioplegic arrest via a median sternotomy.

Continuous electrocardiographic monitoring was performed during the postoperative period until discharge. In addition, 12-lead electrocardiography (ECG) was performed daily during the hospital stay. Follow-up ECG was performed 1, 3, 6, 12, 18, and 24 months after surgery and annually thereafter. The presence of AF in the early postoperative days and 6 months, 1 year, and 2 years after surgery was compared between the two groups. 'Free from AF' was defined as an ECG-verified normal sinus rhythm, junctional rhythm, and atrial pacing rhythm. Maze failure was also defined as cases with recurrent or persistent AF 1 year after the surgery.

Statistical analysis was performed using the SPSS ver. 12.0 (SPSS Inc., Chicago, IL, USA). Data were expressed as mean±standard deviation or as proportions. Comparisons between the two groups were performed with the chi-square test or Fisher's exact test for categorical variables and the Student t-test for continuous variables. A multivariable logistic regression model was used to identify the risk factors for AF recurrence or maze failure 1 year after the surgery. Group factor and variables with p-values less than 0.05 were entered into multivariable analyses. p-values of less than 0.05 were considered statistically significant.

RESULTS
=======

1) Comparisons of the patients' characteristics and operative data of the two groups
------------------------------------------------------------------------------------

The etiologies of valvular heart disease included 91 rheumatic (65.9%), 30 degenerative (21.7%), and 17 other etiologies (12.3%), such as the mixed form or congenital causes. One hundred and thirty five patients exhibited longstanding persistent AF, and three patients exhibited paroxysmal AF. There were no differences in the baseline characteristics, echocardiographic parameters, or characteristics of AF between two groups except that patients in group N were older than those in group A (61.2±11.3 years and 56.4±10.4 years, respectively; p=0.011) ([Table 1](#t1-kjtcvs-47-367){ref-type="table"}).

Mitral valve procedures were performed more frequently in group N than in group A (80 patients versus 43 patients, respectively; p=0.017). Other cardiac procedures included aortic valve operations (n=43, 31.1%), tricuspid valve surgery (n=117, 84.8%), ascending aorta procedures (n=13, 9.4%), and coronary artery bypass grafting (n=7, 5.1%). There were two redo open heart surgery cases, both of which belonged to group A. The maze lesion sets were standardized for all patients, as described in our previous report \[[@b10-kjtcvs-47-367]\], with the exception of the energy sources for ablation. Bipolar radiofrequency ablation was concomitantly used in 131 patients ([Table 2](#t2-kjtcvs-47-367){ref-type="table"}).

2) Early clinical results
-------------------------

Early mortality occurred in 6 patients (4.3%). Postoperative morbidities included low cardiac output syndrome (n=7, 5.1%), postoperative bleeding (n=3, 2.2%), acute renal failure (n=2, 1.4%), stroke (n=4, 2.9%), and thromboembolic event (n=1, 0.7%). There were no differences in early mortality or postoperative complications between the two groups ([Table 3](#t3-kjtcvs-47-367){ref-type="table"}).

3) Rhythm status and risk factors for maze failure
--------------------------------------------------

Twenty-two patients (15.9%) exhibited consistent AF immediately after surgery. ECG performed 6 months and 12 months postoperatively demonstrated the AF rhythm in 18.2% (22 of 121 patients) and 16.5% (19 of 115 patients) of the patients, respectively. In the early postoperative days, more patients in group A exhibited the AF rhythm than in group N (9 of 85 patients \[10.6%\] in group N vs. 13 of 53 patients \[24.5%\] in group A; p=0.030). At 6 months, 12 months, and 2 years postoperatively, however, there were no significant differences in the proportions of patients with AF between the two groups ([Table 4](#t4-kjtcvs-47-367){ref-type="table"}, [Fig. 1](#f1-kjtcvs-47-367){ref-type="fig"}).

The risk factors for maze failure at 1 year postoperatively were analyzed. In univariate analyses, old age (p=0.004), large left atrial dimension (p=0.026), a preoperative F wave of less than 0.1 mV (p\<0.001), and tricuspid regurgitation greater than or equal to the moderate grade (p=0.028) were significant risk factors for maze failure. A concomitant use of RF ablation was not a significant risk factor for maze failure. Multivariate analysis revealed that the fine F wave (\<0.1 mV) was the only significant risk factor predicting the presence of AF after 1 year (p\<0.001, odds ratio=20.287). The energy source of cryoablation was not associated with the presence of AF after 1 year (p=0.862) ([Table 5](#t5-kjtcvs-47-367){ref-type="table"}).

DISCUSSION
==========

The original Cox maze procedure was introduced in 1987 as a cut-and-sew method \[[@b12-kjtcvs-47-367],[@b13-kjtcvs-47-367]\]. Since then, the time-consuming and technically challenging cut-and-sew lesions have been replaced by the application of alternative energy sources. In 1999, the first non-cut-and-sew full Cox maze procedure was performed using cryothermal energy as the only ablation modality, and the Cox maze III procedure was modified into the Cox maze IV procedure, which is less invasive and requires less procedure time. In this procedure, the pulmonary veins are isolated bilaterally, and a connecting lesion is applied rather than performing the original box lesion \[[@b9-kjtcvs-47-367]\]. This modification was based on the findings published in the work of Haissaguerre and his colleagues \[[@b14-kjtcvs-47-367]\].

Various ablation devices have been developed using different energy sources to perform the ablation, including radio-frequency (unipolar and bipolar), microwave, laser, cryoablation, and high-frequency ultrasound \[[@b9-kjtcvs-47-367]\]. With all the available energy sources, the major issue remains the reliable creation of a transmural lesion. Disagreement exists with respect to the optimal energy sources used in creating the transmural lesion with the efficacy of the cut-and-sew Cox maze III procedure \[[@b15-kjtcvs-47-367],[@b16-kjtcvs-47-367]\]. However, experimental data demonstrate that heating a tissue with radiofrequency energy for approximately 1 minute at 70°C to 80°C produces lesions that are 3- to 6-mm deep, usually sufficient to create a transmural line of the conduction block, and the application of an N~2~O-based cryoprobe to the atrial tissue for 2 minutes at −60°C reliably produces a transmural lesion \[[@b3-kjtcvs-47-367]\]. In our previous report, we demonstrated that the Cox maze IV procedure using N~2~O-based cryoablation and bipolar radiofrequency was a safe and effective method to terminate AF \[[@b10-kjtcvs-47-367]\].

The major advantages of cryoablation are the visual confirmation of transmurality by an 'ice ball' formation; the rapid creation of a focal lesion; the preservation of the underlying tissue architecture, possibly decreasing the risk of thrombus formation; and the strong adherence of the probe to the tissue surface during freezing, which helps positioning. Among the modalities of cryoablation, argon-based cryoa-blation has some advantages over N~2~O-based cryoablation: 1) Argon-based cryoablation can reach temperatures of −140°C to −160°C compared with −60°C for N~2~O-based cryoablation, allowing for a faster and more reliable lesion. 2) Argon-based cryoablation uses a long and flexible probe, which can create long lesions relatively quickly, conforms to the cardiac contours around the heart structures, and allows the surgeon to perform other procedures during cryoablation. 3) Argon-based cryoablation uses an adjustable insulation sheath that can cover the cryoablation segment \[[@b11-kjtcvs-47-367],[@b17-kjtcvs-47-367]\]. In the present study, however, the aortic cross-clamp and cardiopulmonary bypass times were not shorter in group A than those in group N despite the advantages of argon-based cryoablation over N~2~O-based cryoablation. This might be due to the differences in operative characteristics such as more cases of redo open heart surgery and combined aortic operation, and less frequent use of RF ablation in group A patients than in group N patients.

Some investigators have reported the results of argon-based cryoablation for the AF treatment during a concomitant cardiac operation. In these reports, 81% to 89% of the patients were free from AF at 12 months, and 70% to 71% of the patients were free from AF at 24 months \[[@b17-kjtcvs-47-367],[@b18-kjtcvs-47-367]\]. Although there were some differences in the technique and ablation lesion set, we achieved similar results in group A, with freedom from AF in 85.7% and 70.6% of the patients after 12 months and 2 years, respectively. These results were similar to those of the maze procedure using N~2~O-based cryoablation. Our data confirmed that argon-based cryoablation was as effective as N~2~O-based cryoablation, which has been widely used with proven safety and efficacy. Considering the advantages of argon-based cryoablation described above, our data support the use of the Cox maze IV procedure with argon-based cryoablation in patients with AF.

Risk factors for the failure of maze procedures include older age, larger left atrial size, and the presence of preoperative tricuspid regurgitation \[[@b9-kjtcvs-47-367],[@b10-kjtcvs-47-367]\]. This analysis also observed that older age, larger left atrial size, and preoperative more than moderate tricuspid regurgitation were significant risk factors for the failure of maze procedures in the univariate analysis but not in the multivariate analysis. In the multivariate analysis, the fine F wave (\<0.1 mV) was the only significant risk factor predicting the presence of AF after 1 year.

The limitations of this study are as follows. First, the present study was designed as a retrospective study. Second, the patients' rhythm status was evaluated using only a 12-lead ECG at each time period. Third, the number of patients was relatively small to draw definite conclusions.

In conclusion, the Cox maze IV procedure using an argon-based cryoprobe is safe and effective compared with the maze procedure using an N~2~O-based cryoprobe in terms of the operative outcomes and the restoration of the sinus rhythm for up to 2 years after surgery.
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###### 

The demographic data, echocardiographic parameters and characteristics of atrial fibrillation of the study patients

  Variable                                  Group N (n=85)   Group A (n=53)   p-value
  ----------------------------------------- ---------------- ---------------- ---------
  Age (yr)                                  61.2±11.3        56.4±10.4        0.011
  Sex (male:female)                         53:32            35:18            0.661
  Hypertension                              10 (11.8)        12 (22.6)        0.080
  Diabetes mellitus                         14 (16.5)        4 (7.5)          0.140
  History of stroke                         11 (12.9)        12 (23.1)        0.123
  Etiology of valvular disease                                                0.179
   Rheumatic                                57 (67.1)        34 (64.2)        
   Degenerative                             22 (25.9)        8 (15.1)         
   Other                                    6 (7.0)          11 (20.7)        
  Echocardiographic data                                                      
   Left ventricular ejection fraction (%)   55.2±8.9         56.5±8.4         0.405
   Left atrium dimension (mm)               60.5±11.7        60.2±11.7        0.856
   Tricuspid regurgitation ≥ moderate       23 (27.1)        22 (41.5)        0.078
  Characteristics of AF                                                       
   AF duration (yr)                         7.0±6.0          7.7±6.2          0.540
   F wave size (mm)                         1.4±0.8          1.2±0.6          0.054

Values are presented as mean±standard deviation or number (%).

AF, atrial fibrillation.

###### 

Operative data of the study population

  Variable                                     Group N (n=85)   Group A (n=53)   p-value
  -------------------------------------------- ---------------- ---------------- ---------
  Aortic cross clamp time (min)                151±39           167±43           0.034
  Cardiopulmonary bypass time (min)            225±48           245±51           0.019
  Other cardiac procedures                                                       
   Mitral valve procedure                      80 (94.1)        43 (81.1)        0.017
   Aortic valve procedure                      28 (32.9)        15 (28.3)        0.567
   Tricuspid valve surgery                     75 (88.2)        42 (79.2)        0.153
   Aortic surgery                              7 (8.2)          6 (11.3)         0.562
   Coronary arterial bypass grafting           4 (4.7)          3 (5.7)          \>0.999
  Redo open heart surgery                      0                2 (3.8)          0.146
  Concomitant use of radiofrequency ablation   85 (100.0)       46 (86.8)        0.001

Values are presented as mean±standard deviation or number (%).

###### 

Early mortality and postoperative complications

  Variable                      Group N (n=85)   Group A (n=53)   p-value
  ----------------------------- ---------------- ---------------- ---------
  Early mortality               2 (2.4)          4 (7.5)          0.197
  Postoperative complications                                     
  Low cardiac output syndrome   4 (4.7)          3 (5.7)          \>0.999
   Bleeding reoperation         2 (2.4)          1 (1.9)          \>0.999
   Acute renal failure          0                2 (3.8)          0.139
   Stroke                       2 (2.4)          2 (3.8)          0.631
   Thromboembolic event         1 (1.2)          0                \>0.999

Values are presented as number (%).

###### 

Rhythm status of the study patients

  Period                    Status    Group N   Group A   p-value
  ------------------------- --------- --------- --------- ---------
  Immediate after surgery   AF-free   76        40        0.030
  AF                        9         13                  
  6 months                  AF-free   67        32        0.442
  AF                        13        9                   
  12 months                 AF-free   66        30        0.669
  AF                        14        5                   
  24 months                 AF-free   58        12        0.760
  AF                        19        5                   

AF, atrial fibrillation.

###### 

Risk factor analysis for presence of atrial fibrillation at 1 year after maze operation

  Variable                                          Univariate   Multivariate             
  ------------------------------------------------- ------------ ------------------------ ---------
  Age                                               0.004        1.061 (0.982--1.146)     0.136
  Preoperative left atrium dimension                0.026        1.016 (0.968--1.066)     0.519
  F wave size (\<0.1 mV)                            \<0.001      20.287 (4.189--96.331)   \<0.001
  Preoperative tricuspid regurgitation ≥ moderate   0.028        2.352 (0.631--8.773)     0.203
  Energy source for cryoablation                    0.669        0.876 (0.199--3.866)     0.862
  Concomitant use of radiofreguency ablation        \>0.999      \-                       \-
